Aims/hypothesis To assess the impact of impaired insulin secretion (IIS) and insulin resistance (IR) on type 2 diabetes incidence in a Japanese population. Methods This 4 year cohort study included 3,059 participants aged 30-69 without diabetes at baseline who underwent comprehensive medical check-ups between April 2006 and March 2007 at Saku Central Hospital. Based on their insulinogenic index and HOMA-IR values, participants were classified by the criteria of the Japan Diabetes Society into four categories: normal; isolated IIS (i-IIS); isolated IR (i-IR); and IIS plus IR. They were followed up until March 2011. The incidence of type 2 diabetes was determined from fasting and 2 h post-load plasma glucose concentrations and from receiving medical treatment for diabetes. Results At baseline, 1,550 individuals (50.7%) were classified as normal, 900 (29.4%) i-IIS, 505 (16.5%) i-IR, and 104 (3.4%) IIS plus IR. During 10,553 person-years of follow-up, 219 individuals developed type 2 diabetes, with 126 (57.5%) having i-IIS at baseline. Relative to the normal group, the multivariable-adjusted HRs for type 2 diabetes in the i-IIS, i-IR and IIS plus IR groups were 8.27 (95% CI 5.33, 12.83), 4.90 (95% CI 2. 94, 8.17) and 16.93 (95% CI 9.80, 29.25), respectively. The population-attributable fractions of type 2 diabetes onset due to i-IIS, i-IR, and IIS plus IR were 50.6% (95% CI 46.7%, 53.0%), 14.2% (95% CI 11.8%, 15.6%) and 12.9% (95% CI 12.3%, 13.2%), respectively. Conclusions/interpretation Compared with IR, IIS had a greater impact on the incidence of type 2 diabetes in a Japanese population.
Introduction
The incidence of type 2 diabetes is significantly increasing in Asia, including Japan, China, and Indonesia [1] . Furthermore, Asian Americans have been found to be at significantly higher risk of type 2 diabetes than whites, despite having substantially lower BMI [2] . The mean BMI of patients with type 2 diabetes has been found to differ in human populations, being 32.2 kg/m 2 in the USA, 29.4 kg/m 2 in the UK and 23.1 kg/m 2 in Japan [3] [4] [5] . Impaired insulin secretion (IIS) and insulin resistance (IR) are the main pathophysiological components of type 2 diabetes [6] [7] [8] , with the contributions of these factors thought to differ in Asians and whites. Most white people with type 2 diabetes present with IR [9] , which is strongly associated with obesity, whereas most Japanese patients with type 2 diabetes do not have IR [10] . Furthermore, insulin secretion in Japanese individuals is reported to be less than half that in whites [11, 12] . To date, however, few cohort studies have investigated insulin secretion in Asian populations [13, 14] . Because of the importance of investigating the impact of IIS and IR on the development of type 2 diabetes in various ethnic groups, we assessed the impact of both on the development of type 2 diabetes over a median of 4.0 years in a large-scale cohort of Japanese individuals, with insulin secretion and IR determined yearly using standard 75 g OGTTs.
Methods
Study design and participants The Saku study was designed to determine the incidence of and risk factors for type 2 diabetes among the Japanese population [15] . This study included community residents who underwent comprehensive medical check-ups for the prevention and early detection of various diseases, including diabetes, cardiovascular disease and cancer, at Saku Central Hospital, one of the core hospitals in the Nagano prefecture and located in Saku city of Nagano, Japan. The study involved residents of 15 cities (mainly Saku, Ueda, Nagano, Komoro and Tomi) in the Nagano prefecture who underwent a baseline comprehensive medical check-up over 2 days and 1 night between April 2006 and March 2007. The study protocol was in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Saku Central Hospital. Informed consent was obtained from each participant at each examination.
The cohort consisted of 4,318 individuals, aged 30-69 years. Of these, 3,758 did not have diabetes at baseline, based on three criteria: (1) no history of diabetes, as determined by interviews conducted by the physicians; (2) fasting plasma glucose (FPG) concentration <7.0 mmol/l; and (3) 2 h post-load plasma glucose (PG) concentration <11.1 mmol/l. Of these 3,758 individuals, 3,093 (82.3%) underwent at least one follow-up examination by the end of March 2011; we excluded 34 participants with missing data at baseline and/or annual follow-up examinations. Thus, a total of 3,059 individuals (1,754 men and 1,305 women), aged 30-69 years, were eligible for our analysis. Of these, 2,219 (72.5%) underwent comprehensive annual medical check-ups every year for 4 years after the baseline examination.
Procedures All participants were fasted overnight (12 h), and had a standard 75 g OGTT in the morning. Blood samples were obtained at 0 (fasting), 30, 60 and 120 min, with PG measured on all four occasions and serum insulin concentrations measured at 0 and 30 min in the clinical laboratory of Saku Central Hospital. Serum insulin concentrations were measured using a chemiluminescence enzyme immunoassay (Lumipulse Presto Insulin, Fujirebio, Tokyo, Japan). Blood glucose, HDL-cholesterol, LDL-cholesterol, serum triacylglycerol and uric acid concentrations were measured by enzymatic methods. Leukocyte counts were determined using automated cell counters. High-sensitive Creactive protein (hsCRP) concentrations were measured using the latex immunity turbidimetric method, and HbA 1c concentrations were measured by high-performance liquid chromatography. HbA 1c (%) was estimated as a National Glycohemoglobin Standardization Program equivalent value (%) and calculated using the formula HbA 1c (%)=HbA 1c (Japan Diabetes Society, %)+0.4% [16] . HbA 1c (mmol/mol) was calculated using the formula HbA 1c (mmol/mol) = 10.39×HbA 1c (Japan Diabetes Society, %)−16.8.
Weight, height, waist circumference and body fat percentage were measured in the morning during the fasting state. BMI was calculated as the weight (kg) divided by the height squared (m 2 ). Waist circumference was measured around the abdomen at the level of the navel at the late expiratory phase using a tape measure. Body fat percentage was evaluated by the bioelectric impedance method with an automatic scale. BP was measured by trained nurses using an automatic sphygmomanometer, with the individual in the sitting position after resting for at least 5 min. Each checkup also included standard questionnaires on demographic characteristics, medical history, family history and healthrelated habits. Alcohol consumption (ethanol) was categorised as 0 g/week, 1-139 g/week, or ≥140 g/week, and exercise was categorised as 0 min/week, 1-119 min/week, or ≥120 min/week.
Definition of IIS and IR AUCs for type 2 diabetes (FPG ≥7.0 mmol/l and/or 2 h post-load PG ≥11.1 mmol/l) were calculated relative to insulin secretion and IR indices derived from the OGTT in 3,916 participants who were not receiving medical treatment for diabetes at baseline [17] [18] [19] [20] [21] [22] [23] [24] . The AUCs of these indices, shown in Table 1 , were crosssectionally evaluated using receiver operating characteristic (ROC) curves. The AUC of the insulinogenic index was highest at 0.825 (95% CI 0.795, 0.855) for insulin secretion, and the AUC of the HOMA-IR was highest at 0.778 (95% CI 0.750, 0.805) for IR.
To determine the optimal cut-offs for the insulinogenic index and HOMA-IR, the Youden index (sensitivity+speci-ficity −1) was calculated for each, with the optimal cut-off point taken as the value corresponding to the maximum Youden index. The optimal cut-off points for the insulinogenic index and HOMA-IR were 50.4 pmol/mmol (39.0 μU/mg) and 1.7, respectively. These optimal cut-off values were similar to the reference value for IIS (≤51.7 pmol/mmol) and the normal value of HOMA-IR (≤1.6) as defined by the Japan Diabetes Society [13, [25] [26] [27] . We therefore defined IIS as an insulinogenic index ≤51.7 pmol/mmol (40.0 μU/mg), and IR as HOMA-IR >1.6. Participants in the study were classified into four categories: normal (insulinogenic index >51.7 pmol/mmol and HOMA-IR ≤1.6); isolated IIS (i-IIS; insulinogenic index ≤51.7 pmol/mmol and HOMA-IR ≤1.6); isolated IR (i-IR; insulinogenic index >51.7 pmol/mmol and HOMA-IR >1.6); and IIS plus IR (insulinogenic index ≤51.7 pmol/mmol and HOMA-IR >1.6).
Definition of type 2 diabetes incidence and follow-up Type 2 diabetes was defined using the 1999 WHO criteria [28] , including FPG ≥7.0 mmol/l and/or 2 h post-load PG ≥11.1 mmol/l, or receiving medical treatment for type 2 diabetes. All 3,059 participants were followed up annually at Saku Central Hospital with comprehensive medical check-ups over 2 days and 1 night, including the 75 g OGTT, until they developed type 2 diabetes or until March 2011. Individuals not examined during follow-up were censored on the date of their last examination.
Statistical analysis
The AUC of the PG (AUC glucose0-120 ) above fasting level during the OGTT was calculated by the trapezoidal method [29] . Differences in baseline characteristics among the normal, i-IIS, i-IR, and IIS plus IR groups were determined by: analysis of covariance with adjustments for age and sex for normally distributed continuous data; Kruskal-Wallis H tests for non-normally distributed continuous data (triacylglycerol, γ-glutamyltransferase, hsCRP concentrations and insulinogenic index); and χ 2 tests for dichotomous and categorical data.
Cox proportional hazards regression was used to estimate the adjusted HR and 95% CI for the incidence of type 2 diabetes in the i-IIS, i-IR, and IIS plus IR groups relative to the normal group. Multicollinearity between covariates was examined by calculating the mean and individual covariate variance inflation factors. Data were adjusted for age, sex, family history of diabetes (yes or no), current smoking (yes or no), alcohol consumption (0 g/week, 1-139 g/week or ≥140 g/week), and exercise (0 min/week, 1-119 min/week or ≥120 min/week). The assumptions required for proportional hazards were met, and these were assessed with graphs of log-log plots. Population-attributable fraction (PAF) [30, 31] was calculated using the formula: PAF=pd [(HR−1)/HR], in which pd was the proportion of individuals exposed to a risk e AUCs for insulin and glucose were calculated during the first 30 min of the OGTT using the trapezoidal method factor and HR was the adjusted HR [32] . Multivariableadjusted HRs and 95% CIs for type 2 diabetes incidence according to major risk factors for diabetes were calculated using Cox proportional hazards regression in the normal, i-IIS, i-IR, and IIS plus IR groups. To test interactions between each of the four groups and each risk factor, each interaction term was added to each model. Participants were categorised into five groups: individuals who developed type 2 diabetes (i.e. incident cases) in the normal, i-IIS, i-IR and IIS plus IR groups; and individuals who maintained normal glucose regulation (i.e. controls). The log e -transformed insulinogenic index and HOMA-IR trajectories before diabetes onset or at the end of follow-up were calculated for these five groups. The observation period started (year 0) at the year of diabetes onset for incident cases and at the year of the last examination for controls. Participants were then traced backwards through baseline comprehensive medical check-ups. Repeated measurements of log e -transformed insulinogenic index or HOMA-IR were analysed using linear mixed models. The dependent measures were individual log etransformed insulinogenic index and HOMA-IR values. The fixed effects included time, group, group-by-time, age (covariate) and sex (covariate), and individual was included as a random effect. When there was a significant interaction between group and time, stratified analysis by group was performed. Linear mixed models with Bonferroni adjustment for comparison of the −4 years with the 0 year was used. The dependent measures were individual log etransformed insulinogenic index or HOMA-IR values. The fixed effects included time, age (covariate) and sex (covariate), and individual was included as a random effect.
All data were analysed using the SAS statistical package software (version 9.1; SAS Institute, Cary, NC, USA) and SPSS statistical software (version 17.0J; SPSS Japan, Tokyo, Japan). All reported p values are two-tailed; those less than 0.05 were considered statistically significant.
Results

Baseline characteristics
The mean age of the 3,059 participants was 55.7 years, and their mean BMI was 23.2 kg/m 2 . At baseline, 1,550 individuals (50.7%) were classified as normal, 900 (29.4%) as having i-IIS, 505 (16.5%) as having i-IR, and 104 (3.4%) as having both IIS and IR. Table 2 shows the baseline characteristics of the four groups. All variables, except for occupation and exercise, differed significantly among the four groups. Of the four groups, individuals with i-IIS had the lowest BMI, waist circumference, body fat percentage, diastolic BP, LDL-cholesterol concentration, triacylglycerol concentration and leukocyte count, and the highest HDLcholesterol concentration.
Impact of baseline IIS and IR status on the development of type 2 diabetes The median follow-up was 4.0 years (total person-years 10,553), during which 219 individuals developed type 2 diabetes, including 26 defined as having type 2 diabetes by receiving medical treatment for this disease. As the youngest of these individuals was 40 years old at baseline, all incident cases were assumed to be type 2 diabetes. Table 3 Table 4 shows multivariable-adjusted HRs for type 2 diabetes in each group during the 4 year follow-up period. Age was a significant predictor of diabetes in the normal and i-IIS groups (p interaction =0.042), and family history of diabetes was a significant predictor of diabetes in the i-IIS group (p interaction =0.025). No interaction was observed between overweight/obesity and the four groups (p interaction =0.289). Sex was not a significant predictor of diabetes in any group.
Predictors for type 2 diabetes incidence
Trajectories of insulin secretion and IR before type 2 diabetes onset Figure 1 shows the log e -transformed insulinogenic index and HOMA-IR trajectories before type 2 diabetes onset or at the end of follow-up. The linear mixed model showed significant interactions between group and time for both log e -transformed insulinogenic index (p interaction = 0.021) and HOMA-IR (p interaction < 0.001). Therefore, stratified analysis by group was performed. Incident cases in the i-IIS group showed a steady decrease in insulinogenic index during the 4 years before diabetes onset (−4 vs 0 years: p=0.012); although their HOMA-IR values were low, they also showed a steady increase in HOMA-IR during the 4 years before diabetes onset (−4 vs 0 years: p=0.023). Incident cases in the i-IR group showed a steep increase in HOMA-IR values over time (−4 vs 0 years: p<0.001), whereas the insulinogenic index followed a negative quadratic trajectory during the 4 years before diabetes onset (−4 vs 0 years: p=0.033). Fig. 1 shows the results of subcohorts with normal glucose 
Subcohort with normal glucose regulation Electronic supplementary material (ESM) Tables 1, 2 and 3 and
Discussion
This large-scale, community-based cohort study clearly shows the impact of IIS and IR on the incidence of type 2 diabetes in a Japanese population. Our main finding was that, after adjusting for confounding factors, the HRs for type 2 diabetes were 8.27 in the i-IIS group, 4.90 in the i-IR group and 16.93 in the IIS plus IR group when compared with the normal group. Notably, 1.8-fold more individuals in our cohort had i-IIS than i-IR at baseline. In addition, of the 219 incident cases, 126 (57.5%) had i-IIS at baseline. Thus, the PAF (50.6%) of type 2 diabetes onset due to i-IIS was higher than that due to i-IR or IIS plus IR. Our findings indicate that IIS had a strong impact on the development of type 2 diabetes in this Japanese population. Approximately 50% of cases of incident type 2 diabetes in our population could be attributed to i-IIS, a finding that may explain, at least in part, the high prevalence of type 2 diabetes in Asians with low BMI. Individuals in our i-IIS group were characterised by low BMI and small waist circumference. Moreover, overweight/obesity was not a predictor of diabetes in our i-IIS group. Predictors of diabetes in the i-IIS group were age and family history of diabetes. Variants in the KCNQ1 gene have been reported to increase the risk of future type 2 diabetes, mostly in Asian individuals [33, 34] . The relative risk of type 2 diabetes for Japanese carriers of the KCNJ15 risk allele was 1.76, increasing to 2.54 in individuals with a BMI less than 24 kg/m 2 [35] . These KCNQ1 and KCNJ15 variants have been reported to affect the development of type 2 diabetes by impairing beta cell function [33, 34, 36, 37] . These findings suggest that the number of individuals with IIS may be high in Asian populations and that the development of type 2 diabetes in many Asians may be due to IIS.
Approximately 15% of the incidence of type 2 diabetes in our cohort could be attributed to i-IR and approximately 13% to IIS plus IR. Although the PAF of type 2 diabetes onset due to i-IR or IIS plus IR was lower than that due to i-IIS, we found that individuals in our i-IR and IIS plus IR groups had high BMI, waist circumference, body fat percentage, systolic BP, diastolic BP and leukocyte counts, and high concentrations of triacylglycerol, LDL-cholesterol, γ-glutamyltransferase, uric acid and hsCRP. Therefore, additional studies are needed to determine the impact of IIS and IR on the risk for macrovascular and microvascular complications.
There were significant interactions between group and time in both log e -transformed insulinogenic index and HOMA-IR: i.e. the patterns of the trajectories of their insulinogenic index and HOMA-IR differed in the five groups. In incident cases in the i-IIS group, HOMA-IR values were low, but a low insulin-secreting ability was unlikely to compensate for a slight increase in IR. The trajectories of the insulinogenic index and HOMA-IR in incident cases in the i-IIS group may be a pattern specific to Asian populations. In contrast, incident cases in the i-IR group showed a pattern similar to that of the Whitehall II Study, conducted in the UK [38] . Additional long-term studies are needed to determine the natural history of insulin secretion and IR in Asian populations.
In normoglycaemic individuals, the HRs for type 2 diabetes were 6.21 in the i-IIS group, 5.16 in the i-IR group and 19.69 in the IIS plus IR group when compared with the normal group. IR has been found to predict diabetes risk only in normoglycaemic individuals with family history of diabetes, and not in those without [39] . In the present study, although IR was a risk factor for type 2 diabetes in both normoglycaemic individuals with family history of diabetes and those without, the HR for IR was higher in those with a family history of diabetes than in those without.
The strengths of the present study include its large-scale, community-based cohort, which consisted of residents of many cities throughout Nagano prefecture. Furthermore, we screened all participants for type 2 diabetes every year for 4 years using the 75 g OGTT. The 12 h overnight fast before OGTT was managed by hospitalising participants the day before the test.
This study, however, also had several limitations. First, the estimates of insulin secretion and IR were made using calculations based on the OGTT, not by the 'gold standard' test, the glucose-clamp technique. However, clamping is not feasible in large-scale epidemiological studies, and we believe that proxy measures are reliable in large datasets. In cross-sectional ROC analysis, the AUCs for the insulinogenic index and HOMA-IR were 0.825 and 0.778, respectively. The insulinogenic index has been used previously in clinical studies [13, 17, 40] , and HOMA-IR has also been extensively validated [41, 42] .
Second, there may have been a possibility of selection bias, as the participants in this study were individuals who underwent routine comprehensive medical check-ups. Although these check-ups are generally expensive in Japan, those at Saku Central Hospital are relatively inexpensive or free, because administrations and employers subsidise their costs. Therefore, many community residents undergo Fig. 1 Log e -transformed insulinogenic index (a) and HOMA-IR (b) trajectories before type 2 diabetes onset or at the end of follow-up among incident cases in the normal (n=24; black circles), i-IIS (n= 126; black squares), i-IR (n=39; black triangles) and IIS plus IR (n= 30; black diamonds) groups, and in individuals who maintained normal glucose regulation (n=2,840; white circles). Repeated measurements of log e -transformed insulinogenic index and HOMA-IR were analysed using a linear mixed model with Bonferroni adjustment for comparison of the −4 years with the 0 year. Each point represents the age-and sexadjusted mean and the error bars represent 95% CI; 5 pmol/mmol (log e -transformed insulinogenic index) = 150 pmol/mmol (insulinogenic index); 4 pmol/mmol=55 pmol/mmol; 3 pmol/mmol= 20 pmol/mmol. * p<0.05 and *** these examinations, and the rates of diabetes and overweight/obesity in our cohort were similar to those observed in the general Japanese population [43] . Third, individuals who did not undergo annual comprehensive medical check-ups after their baseline examinations were excluded from our analysis. As individuals who developed severe diseases or died during the follow-up period were not assessed, selection bias is possible. However, baseline characteristics such as age, sex, BMI, FPG, 2 h PG, and IIS and IR status did not differ significantly between individuals who were eligible for our analysis and individuals who did not undergo comprehensive medical check-ups after their baseline examinations (data not shown).
In conclusion, this study showed clear evidence of the impact of IIS and IR on the incidence of type 2 diabetes and the trajectories of insulin secretion and IR before type 2 diabetes onset in a Japanese population. The PAF of type 2 diabetes onset due to i-IIS was the highest (50.6%), indicating that IIS had a strong impact on the incidence of type 2 diabetes in this population. As Japanese individuals have low insulinsecreting ability [11] , assessments of IIS are necessary so that groups at high risk of developing type 2 diabetes are not overlooked. Our findings may also be applicable to other Asian populations with similar genetic background.
